Abstract -The methods for the measurement of reversible electrode potentials for the formation of rapidly reacting organic ions and radicals are discussed. Second harmonic ac voltammetry gives the most accurate results. Reliable estimates can be made even when the rate of the follow-up reaction precludes the direct measurement. An analysis of the probable error due to the effect of the kinetic step is made. The measurement of rate constants of several representative reactions, the rates of which are too great to be determined by most other electrochemical techniques, have been carried out using potentials measured by second harmonic ac voltammetry. The method is based upon an empirically derived linear relationship between the measured potential and the rate constant for the follow-up reaction. Examples of electron transfer reactions producing intermediates differing substantially in conformation from that of the substrate are discussed.
INTRODUCTION
Electrochemical techniques are especially well suited for the study of the formation and reactions of organic ions and radicals. The aromatic compounds and their ions are the most readily studied due to the ease with which they undergo electron transfer reactions. The measurements yield both thermodynamic and kinetic data. Examples of types of reactions coupled to electron transfer at an electrode which can be studied are illustrated in eqns. (1) (2) (3) . The data which we can attempt to obtain for such reactions are (a) the reversible or thermodynamic potentials for the electron transfer reactions and (b) the rate constants for the reactions following charge transfer.
-e (1) + e products (2) + e ~dimer (3) APPLICATIONS OF ELECTRODE POTENTIAL DATA One of the most frequently exploited aspects of the electrode potentials for the oxidation and reduction of aromatic compounds is the relationship to the gas phase energies for the redox processes. Cerrelation of voltammetric data 1021 with ionization potentials and electron affinities has firmly established that the solution and gas phase energetics are related and to the first approximation, linearly (Refs. [1] [2] [3] [4] [5] . A recent application of these ideas has led to the proposal of an "absolute" electrode potential scale (Ref. 6 ). The basis for this proposal is the measurement of reversible potentials for both the oxidation and reduction of large alternant aromatic hydrocarbons such as anthracene. The primary assumption involved is that the size, shape, and degree of charge dispersal of the anion and cation radicals are identical or nearly so, and thus the solvation energies of the ions should be the same. This same assumption had previously been made in the estimation of solvent surface potentials (Ref. 7) . Neglecting gas phase entropy effects and solvent surface potential, which are expected to be small, led to eqns. (4) and (5) for the "absolute" potentials for oxidation and reduction, respectively, of a compound. If the potentials for both processes can be measured in the same solution, then the difference in potential, which is independent of the reference scale, is given by eqn. (6) . 
Application of the latter equation, assuming the equality of the solvation energies of the positive and negative ions, resulted in a value for the solvation energy (6Gsol ) and hence the "absolute" potentials for the oxidation and reduction proce~ses. The method is illustrated for anthracene (eqns. 7-9) in acetonitrile using literature values for the ionization potential (Ref. 8) and electron affinity (Ref. 9 ). The potential for any other electrode process can be placed on this "absolute" scale by reference to the potentials for anthracene (Ref. 
Electrode potentials have been used by Breslow and coworkers to estimate the acidities of a number of weakly acidic hydrocarbons (Refs. [11] [12] [13] [14] [15] [16] . The method employs one or the other of the thermodynamic cycles illustrated by eqns. (10) (11) .
The bond dissociation energies involved are either known or can be estimated. Electrode potential data then complete the energetics of the cycles and give the pKa values. Representative pKa data obtained in this manner include: triphenylmethane (31.5), propene (53), toluene (54), propyne (63) and isobutane (71).
Another application is the determination of equilibrium constants for electron transfer reactions. Potentials are measured for half-reactions (12) and (13) and the Nernst equation is then employed to give the equilibrium constant for reaction (14 
lnK= (F/RT)(E1z:t_E13l (15) by cyclic voltammetry are given in Table 1 . 
MEASUREMENT OF REVERSIBLE ELECTRODE POTENTIALS
When an electron exchange reaction between an electrode and a substance in solution is fast relative to the measurement technique and both species of the redox couple are stable in solution the electron transfer is considered reversible and the potential measured is called the reversible potential. Such potentials have thermodynamic significance and can be used for the applications described in the preceeding section. The majority of organic ions and radicals generated at electrodes are not stable and undergo reactions at finite rates during the measurement of the potentials. If the reactions are sufficiently fast, the measured potential will be less negative for a reduction and less positive for an oxidation than the corresponding reversible potential. Such kinetic shifts were discussed in detail by Nieholsen and Shain (Ref. 22) for cyclic voltammetry in 1964 and have been investigated by a number of workers since then using various electroanalytical methods. At 25° the difference in measured and reversible potentials, t.EP, for linear sweep voltammetry is given by equation (16) for a first order reaction following electron 0.0085 + 0.059 logVk7a ( 16) transfer where k is the rate constant and a is equal to Fu/RT and u is the voltage sweep rate in vs-1 • For example when k is equal to 10 7 s-1 and the voltage sweep rate is 100 mvs-1 t.EP is predicted by eqn. (16) to be equal to about 220 mV, a significant error in the measured potential.
The most common technique for determining electrode potentials is cyclic voltammetry. The potential region of interest is traversed from a potential where no current flows to a potential beyend where the electron transfer reaction becomes diffusion controlled and then back to the original starting point using a triangular potential-time wave form. A cyclic voltammegram for a reversible one electron transfer is shown in Fig. la . The features of interest are that the peak to peak potential separation is equal to 58 mV at 25° and the ratio of peak currents on the forward and backward scans is equal to unity. The voltammegram takes the form of The reaction of the electrode-generated intermediate with impurities in the reaction medium has been found to be a major cause for the failure to observe reversible cyclic voltammograms for many electrode processes involving aromatic compounds (Refs. 20, 21, [23] [24] [25] . A simple technique was developed which effectively removes all nucleophilic and electrophilic impurities from solvent-supporting electrolyte systems. It was found that reversible potentials could be obtained by cyclic voltammetry for such reactive species as aromatic Another way of suppressing a reaction following charge transfer is to add a reagent to reverse the reaction. It was demonstrated that the reversible potentials for the oxidation of a nurober of phenols, the cation radicals of which undergo very rapid deprotonation, could be obtained in dichloromethane saturated with fluorosulfonic acid. The effect of the acid was to make deprotonation less favorable (Ref. 27 ).
An undesirable feature of obtaining reversible potentials by suppressing follow-up reactions is that the potentials may not be the same as those which apply under conditions where reactions are taking place. For example, it has been observed that the reversible potential for the formation of the dianion of E-dinitrobenzene in dimethylformamide is dependent upon the presence of hydroxylic compounds (Refs. [28] [29] . The difference in reversible potentials for the first and secend charge transfer to the parent compound was found to vary from 650 mV in the absence of methanol to approximately zero when the methanol concentration was about 7 M. The secend charge transfer to benzophenone was found to be even more sensitive to the presence of low concentrations of hydroxylic compounds (Ref. 28) . Thus, when electrode potential data are used in regard to mechanisms of reactions of electrode generated intermediates, the reversible potentials should be those that prevail under conditions where the reaction is taking place. The presence of other reactants may bring about significant shifts in the thermodynamic potentials. secend harmonic ac current exhibit current peaks of equal magnitude and intersect at the zero current line. This is a consequence ·Of the fact that the fundamental ac current leads the applied potential by 450 and has a maximum value at Erev while the I and Q components of the secend harmonic ac current are 45° out of phase with, on either side of the latter. The symmetric shape of the I and Q voltammograms is only observed when w is very much larger than k. When k becomes significantly large, the symmetry disappears but the I and Q traces still intersect at zero current as long as w is sufficiently large, l·~· greater than k/3 according to the calculations.
Voltammegrams for a reacting system, 9,10-diphenylanthracene {DPA) cation radical with pyridine under conditions where .the pseudo first order rate constant for eqn. {17) is equal to 84 s-1 , are illustrated in Fig. 4 . At 8Hz the Q component appears as a nearly symmetrical trace while the I component voltammogram does not cross the zero current line. The measurement made at 500 Hz illustrates both the unsymmetrical nature of the I and Q traces as well as the zero current crossing point. Thus, reversible potentials are obtained as long as the I and Q components intersect at zero current {Ref. 31) and the symmetric relationship only holds for the no reaction case. The frequency required to "outrun" the follow-up reaction is somewhat disappointing in terms of the theoretical predictions. Theory {Ref. 30) predicts that an angular frequency w equal to k/3 or in this case 28 s-1 should be adequate to observe the reversible potential. This corresponds to an applied frequency f of about 4.5 Hz (w = 2nf). Although the 8 Hz experiment was expected to yield the reversible potential, an applied frequency of nearly 100 times as great as predicted was required.
There is some confusion in the literature regarding the symmetry of reversible secend harmonic ac voltammograms. Reversible potentials, taken from symmetric or nearly symmetric secend harmonic ac voltammograms, have been reported for a nurober of rapidly reacting redox systems {Ref. 13). The latter is inconsistent with the discussion above. An example is the reduction potential for the tropylium cation, which was measured at 45 Hz, under conditions where the radical was undergoing rapid dimerization according to eqn. {3). Voltammegrams measured at 45 Hz in our lab6ratory are illustrated in components are decidedly asymmetric and do not intersect at the zero current line. The symmetric voltammogram in the lower part of the figure was obtained by shifting the phase 23° and crossed the zero current axis about 60 mV positive of the point of intersection of the I and Q components. It is clear that symmetry cannot be used as an indication of reversibility and that the Observation of either a symmetric I or Q component for a rapidly reacting redox system must be regarded with suspicion. Exact values of reversible potentiale can only be assigned when the I and Q components give traces intersecting at zero current.
It is often found that the presence of electrophiles or nucleophiles during the generation of aromatic anions or cations is accompanied by reduction or oxidation currents which make the measurement of reversible potentials difficult. Such effects are minimized by using ac voltammetry because the ac current flows over a relatively narrow potential region for a given electrode process. Despite this, the background current can still interfere with the measurement of reversible potentials as was observed for the reduction of perylene in the presence of. acetic acid (Ref. 32) . However, reliable estimates of the reversible potentials were obtained by second harmonic ac voltammetry using cyclic (Ref. 33) conditions in cases where the pseudo first order rate constants were as great as about 300 s-1 (Ref. 32) .
Although applications to reacting organic systems are limited the technique of second harmonic ac voltammetry shows promise of becoming a very important tool for the measurement of reversible potentials in these systems.
KINETICS OF RAPID REACTIONS FOLLOWING ELECTRON TRANSFER
A nurober of electroanalytical techniques exist for the determination of the rate constants of reactions following charge transfer at an electrode. 
The reaction of DPA cation radical with pyridine was used as a test system to determine the reliability of using linear sweep voltammetry for the determination of rate constants of fast reactions following charge transfer at an electrode. The oxidation of DPA in acetonitrile in the presence of pyridine is accompanied by the reactions shown in eqns. (18) (19) (20) (21) . The rate constant for reaction (19) Table 2 where the peak potential shifts were measured at a voltag~ sweep rate equal to 100 mvs-1 (Ref. 38) . The calculated second order rate constants were observed to be nearly independent of the pyridine concentration but an order of magnitude lower than the known value (see Note a). The fact that the second order rate constants calculated using eqn. (16) did not vary significantly while the pseudo first order rate constant was being varied by a factor of 20 showed that the calculations give correct relative but not absolute values of the rate constants using the linear sweep method. The latter suggested that a calibration using reactions with known rate constants could make the method suitable for the determination of reliable rate constants. However, the use of dc peak potentials has two disadvantages which seriously impair the method. The first is the accuracy. The exact potential at which the peak occurs on a linear sweep voltammegram is experimentally difficult to determine and accuracy better than 5 mV cannot be expected. Secondly, it is not possible to measure a dc peak potential for the oxidation or reduction of an ion radical which is undergoing rapid reaction. Thus, in cases where the ion radicals are reacting, it is not possible to study the kinetics of the reactions of the dianions or dications by peak voltammetry.
In order to avoid the difficulties discussed above, second harmonic ac voltammetry was adopted to obtain rate constants from kinetic potential shifts (Ref. 38) . As shown in the discussion of the voltammetry of the tropylium cation, the symmetric shape of a second harmonic ac voltammegram can be achieved by a phase adjustment. The zero current crossing potential taken from a symmetric trace, although not equal to Erev, can easily be measured with an accuracy of 1 mV and the potentials for dianion and dication formation can be measured even when the ion radicals are undergoing rapid reaction.
The system chosen for the calibration of the method was the reaction of DPA cation radical with pyridine. The second harmonic zero current crossing potentials (EC) measured at 8 Hz (Fig. 4) were observed to vary linearly with the pyridine concentration during the oxidation of DPA in acetonitrile containing pyridine. The slopes and intercepts for plots of log k vs.ßEc, where Note a. Equation (16) was derived for the EC reaction while reactions (18) (19) (20) (21) follow an ECC scheme. Calculations show that only minor differences are predicted for the two mechanisms in terms of the peak potential shift.
k is the pseudo first order rate constant for reaction (19) and ~Ec is the difference between the reversible potential and the potential measured at 8 Hz under the reaction conditions, were averaged for four independent sets of experiments in which k was varied over a factor of 20 by adjusting the pyridine concentration. This procedure resulted in eqn. (22) 
Equation (22) was used to determine the secend order rate constant for the reaction between perylene anion radical and oxalic acid, a reaction which had previously been studied using double step chronoamperometry and a rate constant of about 10~ M-1 s-1 was assigned (Ref. 39) . These data are gathered in Table   3 . The fact that the secend order rate constants given in Table 3 
for the reaction between the perylene anion radical and ethyl iodide (Table 4) . Although this reaction is not of the ECE type as is the reaction between OPA cation radical and pyridine, application of eqn. (22) to the kinetic potential shift data resulted in secend order rate constants nearly independent of the ethyl iodide concentration. The latter indicates that the dependence of the magnitude of the potential shift on the rate constant is very nearly the same for the two mechanisms. Further work is necessary to verify the value assigned for the rate constant of this reaction. An alternative mechanism for the reaction is given by eqns. (24) (25) in which the rate determining step is the atom transfer reaction. There is no firm evidence which rules this mechanism out and it appears more likely since even alkyl fluorides, which should be very hard to reduce undergo the reaction. Further work is in progress to attempt to differentiate between the two mechanisms.
The reaction of anthracene cation radical with pyridine is too rapid for rate determination by conventional techniques but was found to be amenable to the method described above. Rate data are summarized in Table 5 . The second order rate constants were once again very nearly constant but showed a slight . OPA cation radical does not appear to react with acetonitrile at all so the very minimum possible half life was set at 24 hrs. which gives a maximum pseudo firstorderrate constant of lo-ss-1 , seven orders of magnitude smaller than that for anthracene cation radical. Since the second order rate constant for the reaction of OPA cation radical with pyridine is equal to 2 x 10~ M-1 s-1 it was concluded that a rate constant for the anthracene cation radical/pyridine reaction equal to 10 10 M-1 s-1 is a reasonable value.
The rate constant for the reaction between perylene anion radical and acetic acid has been determined to be equal to about 10 2 M-1 s-1 by double step chronoamperometry (Ref. 39 ). This reaction is too slow to be studied by the shift in the second harmonic crossing potential. The dianion of perylene reacts much more rapidly with proton donors and it was possible to study the reaction with acetic acid in spite of the fact that the latter is more easily reduced than is perylene dianion. Kinetic data are given in Table 6 . The data are less reproducible than those in previous cases but show no trend with increasing concentration. The poorer reproducibility could be due to the fact that hydrogen gas from the reduction of acetic acid was being evolved at the electrode and made the potential measurements less certain. It should also be pointed out that the mechanism for this reaction differs from the previous cases in that this is a simple EC reaction while the others involved the transfer of two electrons by the ECC type scheme illustrated by eqns. (18-21) .
The relative reactivities of the anion radical and the dianion can be compared in order to assess whether or not the rate constant determined is a reasonable value. The second order rate constants for the reaction of a number of aro- 1031 matic anion radicals with water in DMF have been reported. Pyrene anion radical which is similar in structure to perylene anion radical was reported to have a secend order rate constant of about l0-3 M-1 s-1 (Ref. 43) . Taking this as a rough estimate of the rate constant for the reaction between perylene anion radical and methanol in DMF allows one to estimate the relative reactivity of the anion radical and dianion. The rate constant for the reaction between perylene dianion and methanol in DMF has been estimated to be equal to 10 5 M-1 s-1 (Ref. 28 ) which gives an estimate of 10 8 for the relative reactivity of the dianion and the anion radical toward proton donors.
The rate constant given in Table 6 is 10 7 times greater than that determined for the reaction between perylene anion radical and acetic acid which is well within the limits of error for the estimation of the relative reactivity.
It has previously been mentioned that the formation of dianions, such as those from E-dinitrobenzene and benzophenone, in the presence of hydroxylic compounds is accompanied by a shift in the reversible potential to less negative values. This complicates the measurement of rate constants between dianions and the proton donors when the potential shift is being used to determine the rate. Under these conditions plots of 6Ec vs. proton donor concentration are not linear and the calculated secend order rate constant increases with increasing concentration. This is demonstrated by data for the reaction of perylene dianion with methanol in DMF tabulated in Table 7 . In order to estimate the magnitude of the shift in the reversible potential, the calculated secend order rate constant at the lowest concentration of methanol was taken to be the correct value. Shifts in the reversible potential could then be calculated from the observed shift and the expected first order rate constant.
Preliminary results indicate that the kinetic shifts in potentials due to secend order reactions, for example the dimerization of tropyl radical, are also linearly related to the rates of the reactions and can be treated similarly to the first order case (Ref. 44 ).
The linear relationship between the kinetic potential shift and the first order rate constants is predicted by theory. At a constant value of the voltage sweep rate, eqn. (16) can be rearranged to a form similar to (22) . Similarly, inspection of Fig. 3 in ref. (30) leads to the conclusion that the secend harmonic ac peaks and minima are shifted linearly with log k when k is large compared to w, a shift of the order of 28 mV per decade being predicted.
The experimentally observed shift, i.e. the inverse of the slope in eqn. (22) 
ESTIMATION OF REVERSIBLE POTENTIALS IN REACTING SYSTEMS
As mentioned earlier, a reversible potential is only obtained by secend harrnonie ac voltammetry when the I and Q components intersect at zero current. In practice, the rate of a follow-up reaction does not have to be very great before the measurement cannot be achieved. However, the shift of the symmetrical voltammogram, discussed in the last section, from the reversible potential is predictable and reliable estimates can be made. Equation (22) was used to calculate ßEc as a function of the first order rate constant for the reaction following charge transfer and the values are summarized in Table  8 . Very few reactions following charge transfer are expected to have rate We have reinvestigated the reaction and find that reduction in DMF is not a one electron process as previously believed (Ref. 
E
Cyclic voltarnrnograrn of lucigenin dication in dichlorornethane at -50° (solid line) and at 20° (broken line) recorded at 100 rnvs- 1 • rnograrns is showh in eqns. (28) (29) (30) . At the electrode the two one electron steps are reversible to give first non-planar L+ and then non-planar DMB which is reasonably stable at -50° but undergoes conforrnation change to give the nearly planar DMB at a rate depending upon the ternperature. 
DMB (non-planar) DMB (nearly planar) (30) There is severe interaction between the two rings and they are twisted out of plane but to a rnuch lesser degree than the skew conforrnation in which the dication exists. The results indicate that the non-planar rnolecule is oxidized about 700 rnV rnore easily than the near planar conforrner. The non-planar rnolecule rnust have diradical character and further work, especially esr studies, is necessary to fully characterize the reaction.
A sornewhat sirnilar situation was encountered by Horner and Hünig during the voltarnrnetric oxidation of a series of 1,3-bisrnethylenecyclobutanes (Ref. 52 ).
The overall chernically reversible two electron oxidation to the bicyclobutane presurnably proceeds by way of the forrnation of a cation radical in which the odd electron can be localized on either of the heterocyclic rings as indicated in eqn. (31).
-2e +2e +
•
• . . It is apparent frorn the discussion above that slow electron transfer is not a qood description of charge transfer coupled with large conforrnational changes. Eyen in the case of COT, which rnost likely involves a slow conforrnational change prior to electron transfer, the description is not very accurate. In fact if the conforrnational change were unfavorable enough, the electron transfer step would have to involve the tub conforrnation and would appear at rnuch rnore negative potentials. An indication of this is that we have been unable to observe a reduction peak during atternpted cyclic voltarnrnetry rneasurernents on the tetrabenze-derivative which is expected to be rnuch rnore rigid than COT itself.
CONCLUSION
I have atternpted to surnrnarize sorne of the aspects of electrode potential rneasurernents which are relevant to the study of the therrnodynarnic and kinetic properties of arornatic ions and radicals generated at electrodes. The coverage has been biased toward rny own research interests and is by no rneans exhaustive.
